Iron oxide containing waste was first used in the microwave (MW) enhanced heterogeneous Fenton process for removing tri(2-chloroethyl)phosphate (TCEP) in aqueous solution. The operational parameters that affect the removal efficiency were investigated in detail. Comparing with the traditional Fenton-like reaction and heating assisted Fenton-like reaction, the MW enhanced heterogeneous Fenton process displayed superior treatment efficiency. The iron ore tailing can be reused eight times without significant decrease of catalytic efficiency. The major intermediates were identified and the possible degradation pathways of TCEP were proposed. The acute toxicity gradually decreased during the degradation process and the removal of TOC was 98.8% after 35 min reaction. This study could not only apply the waste tailing as a secondary resource to avoid the tedious preparation of the catalyst, but also proposes a rapid, low-cost and effective alternative method for the removal of polluted water containing TCEP.
Introduction
Organophosphate esters (OPEs) are widely used as ame retardants and plasticisers in a variety of products such as electronic equipment, building materials, and polyurethane foams. 1 The increase in the trend of OPE consumption may become even greater in the future due to restrictions on the use of polybrominated diphenyl ethers (PBDEs). 2 OPEs have already been detected in various environments [3] [4] [5] [6] [7] [8] and their levels in the environment will subsequently rise with their growing usage. The chlorinated OPEs, such as tri(2-chloroethyl)phosphate (TCEP), tri(2-chloroisopropyl)phosphate (TCPP) and tri(dichloropropyl)phosphate (TDCP), have been reported to be carcinogenic 9 and neurotoxic. They are considered to be persistent pollutants [10] [11] [12] and have been shown to resist biodegradation, chlorination and ozonation in treated waters. 13 Owing to their widespread, toxicity and persistence, removal of the chlorinated OPEs in the contaminated environment is necessary and signicant. As one of the promising techniques, advanced oxidation technology based on the combination of ultraviolet radiation (UV) with chemical oxidants has been reported for the removal of chlorinated OPEs from the environment using an UV/ H 2 O 2 system. [13] [14] [15] [16] Watts and Linden found UV/HOCl is not an effective treatment and little to no TCEP degradation was observed in the range of applied UV uences (up to 1000 mJ cm À2 ), regardless of how much NaOCl was added prior to UV irradiation. A signicant increase in the initial oxidant concentration and subsequent fraction of the applied UV light absorbed by H 2 O 2 was required for UV/H 2 O 2 for effective oxidation of TCEP. 15 Ruan et al.
13
had investigated the photodegradation of TCEP in aqueous solution by UV/H 2 O 2 and the result shows that a long reaction time up to 60 min was needed for the removal of total organic carbon to reach 97%. To date, the relevant studies about OPEs are mainly to do with their pollution level in the environment, with research about their removal remaining rare. As one of the AOPs, heterogeneous Fenton (Fenton-like) was a very effective method in removal of many hazardous organic pollutants in wastewaters, owing to its many unique advantages, e.g. no iron sludge is generated and easy separation of the catalyst from the treated stream. and S-doped Fe 2 O 3 , 7 were used for wastewater treatment. Unfortunately, the preparation of these catalysts was usually time-consuming and tedious. On the other hand, owing to the increase of industrial wastes and the fact that the use of waste tailing in the treatment of wastewater will reduce the cost of wastewater treatment, waste tailings as secondary resources have been of great importance to all countries in the world. Thus, there is an increasing interest in search of possible alternative uses of solid wastes as adsorption and catalysis for reutilization before their nal discharge.
14-18 Clarke et al.
19
found that Mn oxide containing mine tailings from South Africa can decolorize a number of acid azo dyes and the decolorization of acid orange 7 was 42% aer 2 h. However, to the best of our knowledge, the relevant research is very limited.
In addition, microwave (MW) has been widely used to promoting the oxidative degradation of biorefractory wastes 11, 20, 21 due to its advantages of swiness, high-efficiency and no pollution to environment. These investigations illustrated that MW was in favor of promoting the degradation efficiency of traditional treatment methods. Yang et al.
11 presented MW enhanced Fenton-like processes for the treatment of high concentration pharmaceutical wastewater. The COD removal and UV 254 removal reached to 57.5% and 55.1%, respectively, and BOD 5 /COD was enhanced from 0.165 to 0.470. Comparing with traditional Fenton-like reaction and conventional heating assisted Fenton-like reaction, MW enhanced Fenton-like process displayed superior treatment efficiency.
In the present study, the applicability of MW enhanced iron ore tailing Fenton-like process for the treatment of TCEP wastewater was investigated. The operational parameters such as MW power, initial pH, H 2 O 2 dosage and iron ore tailings loading were investigated and optimized. The difference among the MW-Fenton-like, traditional Fenton-like reaction performed at ambient temperature and conventional heating assisted Fenton-like reaction performed at water bath was compared. The catalytic performance and reusability of the iron ore tailing waste were also investigated. The major intermediates were identied and the possible degradation pathways of TCEP were investigated. The acute toxicity of the treated compounds was evaluated by luminescent bacteria test to assess the effectiveness of the degradation samples.
Experimental

Reagents
Tri(2-chloroethyl)phosphate (TCEP) was obtained from Aldrich (Milwaukee, WI, USA). H 2 O 2 (30%, v/v) was purchased from Fisher Company. HPLC-grade methanol, ethyl acetate and acetonitrile were obtained from Tedian Company and used without further purication. The luminescent bacteria Photobacterium phosphoreum T3 (P. phosphoreum) was purchased as freeze-dried reagents (0.5 g each bottle) from the Institute of Soil Science, Chinese Academy Sciences, Nanjing, China. They were stored at À20 C and hydrated prior to testing. Ultrapure deionized water was obtained from a Milli-Q water purication system (Milli-Q system, Millipore, Beldford, MA) and was used in the preparation of all aqueous solutions. The tailing was dried at the time of collection and passed through a 200-mesh sieve. The physical and chemical properties of the iron ore tailing are shown in Table 1 . A modied domestic MW oven with an intermittent power emission (Galanz, China) equipped with a condenser tube was used as experimental oven. The safety of the modied domestic MW oven was tested before experiment, and no leakage of microwave or other security question are found.
MW enhanced heterogeneous iron ore tailing Fentonlike produce
100.0 mL TCEP solution was added into a 250 mL beaker ask, and then mixed with some dosages of H 2 O 2 and iron ore tailing.
Aer being mixed well, the ask, equipped with a water reux condenser connected through a communication pipe, was irradiated with maximal 800 MW output and frequency of 2450 MHz for the set time at the normal atmospheric pressure. Traditional Fenton-like reaction was performed with the same pH, H 2 O 2 dosage and tailing dosage as MW enhanced Fentonlike reaction. Conventional heating assisted Fenton-like reaction experiment was carried out in water bath at the temperature identical to that of effluent of MW enhanced Fenton-like reaction, and the other parameters were same as the latter. All of experimental runs were performed in triplicate to diminish errors.
Analytical methods
Residual TCEP was extracted from 1 mL of UV-H 2 O 2 treated solution with 1 mL ethyl acetate via rapidly mixed liquid-liquid extraction, separately. The extracted analytes were then separated and detected via 7890N gas chromatograph (Agilent Technologies, USA), equipped with split/splitless injector, a HP-5 capillary column (30 m Â 0.32 mm i.d., 0.25 mm lm thickness) and ame photometric detector (FPD). The column temperature was programmed as follows: initial oven temperature 80 C (held for 1 min), increased to 140 C at a rate of 20 C min À1 (held for 2 min), and then increased to 280 C at a rate of 4 C min À1 (held for 6 min). The injector and detector temperatures were set at 250 C. Helium (99.999%) was used as a carrier gas at a constant ow of 1.5 mL min À1 , and nitrogen (99.999%) was used as a make-up gas at a ow rate of 20 mL min
À1
. Synthetic air (99.995%) and hydrogen (99.999%) were used as detector gases at ows of 100 and 65 mL min À1 , respectively. Intermediate products were analyzed by a Thermo Fisher Trace gas chromatography interfaced with a Polaris Q ion trap mass spectrometer (GC/MS, Thermo Fisher, USA) equipped with DB-5 fused-silica capillary column (30 m Â 0.32 mm i.d., 0.25 mm lm thickness). Prior to GC-MS analysis, the samples were extracted by the SPE cartridges Poly-Sery PSD. Before to use, all SPE cartridges were sequentially conditioned with 5 mL 3 Results and discussions
Effect of MW on removal efficiency
The effect of MW power on the removal efficiency of TCEP was studied and the result was illustrated in Fig. 1 . The removal efficiency of TCEP increased with the increasing of MW power from 100 to 600 W. When MW was 600 W, TCEP was completely removed within 35 min. However, the removal efficiency of TCEP reduced with the further increasing of MW power. It may due to that the increasing of MW power result in the increasing temperature of the solution. The increasing temperature will enhance the activity of cOH, which will increase the removal efficiency of TCEP. In addition, when hydrogen peroxide in solution is exposed to MW irradiation generates extra hydroxyl radicals (eqn (1)) due to the excitation of the molecules to high vibrational and rotational energy levels, 17,18 enhancing TCEP degradation.
However, when the MW power was higher than 600 W, the hydrogen peroxide can absorb sufficient energy to undergo decomposition instead of forming hydroxyl radicals 17 (eqn (2)), and then the removal efficiency of TCEP reduced.
Effect of iron ore tailing dosage on removal efficiency
The inuence of the loading of iron ore tailing on the removal efficiency of TCEP was investigated. As shown in Fig. 2 , the degradation efficiency of TCEP increased with the increasing of iron-containing waste dosage ranging from 50 to 250 mg L
À1
. It may due to the increasing dosage of catalyst will provide more active sites for the formation of cOH which is important for the degradation of TCEP.
Effect of pH on removal efficiency
It is well-known that pH is very important for the efficiency of Fenton reaction. The previous study 19 found that Fe(OH) + , which can catalytic decompose H 2 O 2 to produce cOH, was formed at pH in the range from 2 to 4. Buxton et al. 20 also reported that at pH around 2-3, the oxidation potential of cOH was 2.8 V, whereas, at pH near 7, it was 1.9 V, decreasing the removal capacity of organic substances. As shown in Fig. 3 , the degradation of TCEP was faster at pH 3.0 than that of other pH. When the pH is below 3.0, the generation of hydroxyl radicals will be constrained due to the following reactions (4): It illustrates in Fig. 3 that TCEP conversion decreased when the initial pH was decreased from 3.0 to 2.0. The result was consistent with other researches that the reaction efficiency of the heterogeneous Fenton process tended to be highest at around pH 3.0 and decreased with the increasing of pH. 
Effect of H 2 O 2 dosage on removal efficiency
Since the TCEP degradation is directly related to the concentration of the cOH produced by the catalytic decomposition of H 2 O 2 , the amount of H 2 O 2 is important for the removal efficiency of TCEP. It was observed in Fig. 4 (4) and (5)):
The oxidation potentials of cOOH and O 2 c À are much lower than that of cOH, 24 thus the removal efficiency of TCEP decreased. The cOH scavenger ethanol (EtOH) was introduced into the reaction system to capture cOH in the process of TCEP degradation. The dosages referred to the previous studies.
25,26
As shown in Fig. 5 , the addition of EtOH leaded to a great decrease of the remove of TCEP. According to the above discussion, it is thought that cOH made a major contribution to the degradation of TCEP.
Comparison with ambient temperature and conventional heating conditions
The removal efficiency of TCEP in MW enhanced heterogeneous Fenton system was compared with those in traditional Fentonlike reaction and conventional heating assisted Fenton-like reaction experiments. As shown in Fig. 6 , the degradation efficiency of TCEP in MW enhanced heterogeneous Fenton system was higher than that in traditional Fenton-like process, which may owe to the high temperature and the production of extra cOH formed in MW enhanced Fenton-like process as discussed above. In addition, MW irradiation will result in the fast and selective heating of water and H 2 O 2 , which could accelerate the generation rate of $OH 27 and increase the reaction possibility between $OH radicals and TCEP molecules. Consequently, the removal efficiency in MW enhanced heterogeneous Fenton system was higher than that in conventional heating assisted Fenton-like reaction. The removal efficiency in only MW system and MW assisted H 2 O 2 system were also studied. As shown in Fig. 5 , there was almost no degradation of TCEP in only MW system, which was due to that the energy of MW radiation (E ¼ 0.4-40 kJ mol À1 at n ¼ 1-100 GHz) is insufficient to break the bonds of common organic molecules. 28 The removal efficiency of TCEP was also very low (only 10%) aer 35 min reaction in MW assisted H 2 O 2 system. Based on the above-mentioned results, the synergistic effect between MW and heterogeneous Fenton process may play an important role in the high removal performance of the proposed system.
The stability and reusability of iron-containing waste
The catalytic performance of iron-containing waste may decrease because of the soluble iron species generated by the action of cOH on the catalyst surface. The concentrations of Fe 2+ and Fe 3+ were not detected during the degradation and they were below the detections of ICP-MS. The result supports that heterogeneous Fenton process using iron-containing waste was carried out efficiently without signicant iron leaching, which may owe to that iron species are recycled directly on the catalyst without signicant diffusion into the solution phase in heterogeneous Fenton-like oxidation reaction. 29 And this also may support iron-containing waste could be an excellent longterm stable catalyst. As illustrated in Fig. 7 , the degradation efficiencies of TCEP are nearly the same in eighth successful cycles without obvious decrease of removal efficiency. In addition, there were no obvious differences in the physical-chemical properties of the iron ore tailings aer the eighth reuse cycles (Table S1 †). Fig. 8 The possible reaction mechanism for the degradation of TCEP in MW enhanced heterogeneous Fenton process using iron oxide containing waste. Fig. 7 The catalytic activity of reused iron ore tailing on TCEP degradation. 
Evaluation of possible degradation mechanism
As above-mentioned, hydroxyl radicals were supposed to be reactive species in the present system. The produced hydroxyl radicals attacked TCEP and the bonds of TCEP were broken gradually. The main intermediates identied by GC/MS were shown in Table S2 † and the possible degradation pathway was proposed in Fig. 8 . TCEP was degraded into some chlorinated small organic chemicals and then were further degraded to H 3 PO 4 , Cl À and oxalic acid which was nally mineralized to carbon dioxide and water. The mineralization and the acute toxic test were investigated during the degradation of TCEP. The potential toxicity of TCEP and its intermediates was examined by means of luminescent bacteria (Photobacterium phosphoreum T3 spp.) test following the procedures described in the national water quality standards of China. 30 As shown in Fig. 9 , the removal of TOC by the proposed system was 98.8% aer 35 min reaction. As the oxidation process proceeded, the acute toxicity gradually decreased compared with the initial TCEP solution, indicating the toxic structures of TCEP and the immediate products were degraded into the less toxic products.
Conclusions
Iron ore tailing was rst used in MW-enhanced heterogeneous Fenton process for the removal of TCEP in aqueous solution. The degradation of TCEP was completed within 35 min in the proposed system. The synergistic effect between MW and heterogeneous Fenton process enhanced the removal of TCEP. Iron ore tailing can be reused eight times without the insigni-cant decrease of degradation efficiency. The removal of TOC by the proposed system was 98.8% aer 35 min reaction. In addition, the acute toxicity gradually decreased as the degradation proceeded. Based on the results, the proposed system not only avoid the tedious preparation produce of the Fenton-like catalyst but also can be regarded as a fast and effective technology for the remediation of wastewaters containing TCEP.
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